University of Rhode Island

DigitalCommons@URI
Open Access Master's Theses
2014

RESPONSE OF FILLED CORRUGATED SANDWICH STRUCTURES
TO SHOCK LOADING AT HIGH TEMPERATURES
Payam Fahr
University of Rhode Island, payam_fahr@my.uri.edu

Follow this and additional works at: https://digitalcommons.uri.edu/theses

Recommended Citation
Fahr, Payam, "RESPONSE OF FILLED CORRUGATED SANDWICH STRUCTURES TO SHOCK LOADING AT
HIGH TEMPERATURES" (2014). Open Access Master's Theses. Paper 318.
https://digitalcommons.uri.edu/theses/318

This Thesis is brought to you for free and open access by DigitalCommons@URI. It has been accepted for inclusion
in Open Access Master's Theses by an authorized administrator of DigitalCommons@URI. For more information,
please contact digitalcommons@etal.uri.edu.

RESPONSE OF FILLED CORRUGATED SANDWICH STRUCTURES TO
SHOCK LOADING AT HIGH TEMPERATURES
BY
PAYAM FAHR

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
IN
MECHANICAL ENGINEERING AND APPLIED MECHANICS

UNIVERSITY OF RHODE ISLAND
2014

MASTER OF SCIENCE THESIS
OF
PAYAM FAHR

APPROVED:
Thesis Committee:
Major Professor

Arun Shukla
D.M.L. Meyer
K. Wayne Lee
Nasser H. Zawia
DEAN OF THE GRADUATE SCHOOL

UNIVERSITY OF RHODE ISLAND
2014

ABSTRACT
The dynamic response of filled corrugated steel sandwich panels was investigated
under combined extremes of blast loading and high temperature heating. The objective
of this project was to study blast mitigation and the thermo-mechanical response of
panels using a polymer based syntactic foam and mortar as a filler material. These
materials were selected due to their thermal resistivity.
In this study, silicone resin (with an operating temperature range between -53°C
to 232°C) and two types of glass bubbles were selected as materials to develop a heat
resistive syntactic foam. The mechanical properties of the foam were investigated, in
ambient temperatures, before and after high-temperature heat treatment (of 500°C), by
quasi-static compression experiments. It was observed that plateau stress increases
after introduction of glass bubbles in silicone, enhancing the energy absorption
properties for both specimens with and without heat treatment.
To produce repeatable blast loading, a shock tube was utilized. Pressure history
was recorded using pressure transducers located in the shock tube muzzle. High speed
photo-optical methods utilizing Digital Image Correlation (DIC) coupled with optical
band-pass filters and high-intensity light source, were utilized to obtain the real-time
deformation at high temperature while a third camera captured side-view deformation
images. The shock pressure profiles and DIC analysis were used to obtain the impulse
imparted to the specimen, transient deflection, in plane strain and out-of-plane velocity
of the back face sheet.
Shock tube experiments were performed to investigate the blast response of
corrugated steel sandwich panels filled with a silicone based syntactic foam filler at

room and high temperature. It was observed that using the syntactic foam as a filler
material, decreased the front face and back face deflections by 42% and 27%,
respectively, compared to an empty panel. The highest impulse was imparted on the
specimen at room temperature and subsequently lower impulses with increasing
temperature. Due to increasing ductility in steel with high temperature, the specimens
demonstrated an increase in back face deflection, in-plane strain and out-of-plane
velocity with increasing temperatures with weld failure being the primary form of core
damage.
High temperature blast experiments were also performed on mortar filled
corrugated steel sandwich panels. Mortar is a common building material that can
withstand extreme temperatures. It was observed cement based mortars are thermally
resilient enough to be used as a filler material for high temperature applications. The
highest impulse was imparted on the specimen at room temperature and subsequently
lower impulses with increasing temperature. A temperature difference of at least
300ºC was observed across the thickness of the specimen for all heating conditions.
Due to increasing ductility in steel with high temperature, the specimens demonstrated
an increase in back face deflection, in-plane strain and out-of-plane velocity with
increasing temperatures with weld failure being the primary form of core damage.
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PREFACE
The present study investigated the behavior of corrugated sandwich structures
filled with different materials under combined extremes of high temperature blast
loading. The sandwich panels were comprised of AISI 1018/A36 steel face sheets with
alternating layers of corrugated steel forming a lattice core. A syntactic foam was
developed, using silicone and glass microspheres, and its properties were investigated.
Sandwich panels were filled with syntactic foam and blast performance was compared
with an empty panel as well as at elevated temperatures. The use of mortar as a filler
material was also investigated at extreme temperatures. Real-time deformation images
were captured using high speed photography to provide further insight into the core
response and full field rear face deformations. This thesis is prepared using the
manuscript format.
Chapter 1 presents the method for developing a silicone based syntactic foam by
introducing two different types of glass bubbles, provided by 3M Company, at
different weight percentages (henceforth wt%). The materials were characterized
using a screw-driven universal testing machine. Samples were tested both as prepared
and after heat treating at elevated temperatures. This chapter followed the formatting
guidelines for and was published by Acta Physica Polonica A.
Chapter 2 investigates the blast response of corrugated sandwich panels when
filled with syntactic foam. Two studies were performed: (1) a comparison of the blast
performance between empty and filled panels and (2) experiments investigating the
response of filled panels under three different temperature environments up to 500°C.
A shock tube was utilized to load the specimen while three high speed cameras
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obtained images later used in analysis. This chapter followed the formatting guidelines
specified by the Journal of Sandwich Structures and Materials.
Chapter 3 investigates the blast response of corrugated sandwich panels when
filled with mortar, a common building material comprised of cement and sand
aggregate. Four series of experiments were performed each at different temperature
environments up to 900°C. A shock tube was utilized to load the specimen while three
high speed cameras obtained images later used in analysis. This chapter followed the
formatting guidelines specified by the Journal of Sandwich Structures and Materials.
Chapter 4 provides a summary of the major experimental findings obtained
during the development of a syntactic foam, the dynamic response of syntactic foam
filled corrugated structures under high temperature shock loading, and the dynamic
response of mortar filled corrugated structures under high temperature shock loading.
This chapter concludes with suggestions for future work to compliment or enhance the
studies contained within this thesis.
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Abstract
Syntactic foams are one of the most widely used close cell structured foams.
They are used for industrial applications on account of their good acoustical
attenuation, excellent strength to weight ratio, vibration isolation, and dielectric
properties. These foams are fabricated by incorporation of hollow particles in a matrix
material. In this study, silicone resin (with an operating temperature range between 53°C to 232°C) and two types of glass bubbles were selected as materials to develop a
heat resistive syntactic foam. Both types of glass bubbles were incorporated into the
silicone resin at three different mass percentages (10%, 20%, and 30%) reducing the
density of the silicone by as much as 50%. The mechanical properties of the foam
were investigated, in ambient temperatures, before and after high-temperature heat
treatment (of 500°C), by quasi-static compression experiments. It was observed that
plateau stress increases after introduction of glass bubbles in silicone, enhancing the
energy absorption properties for both specimens with and without heat treatment. It
can be concluded that syntactic foams with a silicone base matrix can be used for
applications with heat resistance, low weight and high compression strength
requirements.
1. Introduction
Many applications demand the use of light weight materials, but often at the
cost of reduced strength. Foams can provide signiﬁcant weight saving structures but
their applications are limited by their low strength and modulus. In recent years
considerable efforts have been invested in developing methods of introducing porosity
2

in materials without causing detrimental effects on the mechanical properties of
material [1]. Syntactic foams are a class of porous materials in which manufactured by
ﬁlling a polymeric matrix with hollow spheres called microspheres or micro balloons.
Syntactic foams are sometimes described as three-phase composites, considering
interstitial voids within the matrix to be the third phase [2, 3]. Compared with standard
foams (containing blown gas bubbles only), syntactic foams are often preferred in
weight-sensitive applications, for which their enhanced mechanical properties and
tailorability make them useful [4, 5]. Several compositions of nano-scale reinforced
syntactic foams are now developed for further enhancement in mechanical and thermal
properties [6, 7]. As a class of advanced lightweight composites, syntactic foams have
been widely employed in more and more engineering applications, e.g., marine
equipment for deep sea operations [8], aircraft components, spacecraft solid rocket
booster nose cone ﬁlling, thermal insulation for deep sea pipelines [9–11], core
materials of sandwiches [12,13] and structural components in the aerospace industry
[14]. While a wide body of literature is now available on room-temperature
mechanical properties of syntactic foams, relatively few efforts are found focused on
thermal properties such as coefficient of thermal expansion [15], thermal conductivity
[4, 16] and high temperature behavior [17].

In spite of the abundant literature

regarding various thermoplastic and thermo set resin based syntactic foams; few
studies consider silicone rubber based syntactic foams [18, 19]. According to the
authors' investigations, there is no current literature about silicone based high
temperature resistive syntactic foams.
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In this study, novel high temperature resistive polymer based syntactic foams
were developed. Compression properties of the foams are compared with respect to
glass bubble percentage variation in specimens with and without heat treatment.

2. Experimental Procedure
High temperature closed cell syntactic foam was produced by using platinum
silicone resin and two different type glass bubble contributions at 10, 20, 30 wt%. A
liquid silicone rubber resin (MoldStar® 30) was used as a matrix material, obtained by
mixing two supplied components (A and B) which are mixed 1A:1B by volume. This
easy to use platinum silicone features relatively low viscosities (According to ASTM
D2393/12500 cps) and vacuum degassing is not required for most applications. The
pot life is 45 minutes and cure time is 6 hours at room temperature. MoldStar30® has
30A Shore hardness. Tensile strength (ASTM D412) is 2.90 [MPa] and Elasticity
Modulus is 0.66 [MPa]. Cured Mold Star® rubber is heat resistant up to 232 ºC [20].
Closed-cells structure was obtained after reinforcement with glass bubbles. Glass
bubbles (Figure 1a) were obtained from 3M Company with the product codes:
A16/500 and A20/1000. The properties of these bubbles are given in Table 1. The
glass bubbles are thermally stable up to the 600°C, depending on the duration of
exposure.
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Table 1 - Properties of the glass bubbles [21]
Test Pressure

Density

Particle Size

Thermal Conductivity

[MPA](PSI)

[g/cc]

[µm]

[W/m.K] at 20°C

A16/500

3.44 (500)

0.16

115

0.06-0.16

A20/1000

6.90 (1000)

0.20

105

0.06-0.16

A syntactic foam was produced by mixing silicone rubber and glass bubbles by hand.
After mixing for 20 minutes, the raw material was filled in a wax mold and
compressed by hand. The specimen was designed to be cylindrical with a diameter of
25 mm and a height of 17mm. High temperature heating of specimens was performed
by applying a constant temperature of 500±10 °C to one side of the specimen for a
duration of one hour. During this time, the specimen’s opposite surface was left
exposed to ambient temperatures. Temperatures were recorded on both surfaces using
thermocouples.

500 °C
Heat
resistive ,
brittle layer
soft
layer

130 °C
b)
c)
Figure 1 Images of glass bubbles and specimens
a) Glass bubbles b) Virgin syntactic foam (30% GB1000)
c) Heat treated syntactic foam (30% GB1000) and temperature measurement points.
a)
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The density of the foam was obtained by weighing a specimen on a weight
scale, with a sensitivity of 0.0001g, and calculating the volume based on the specimen
geometry. Compression experiments were performed by using Instron Universal 5585
universal testing machine with a 1 mm/min cross head speed. Experiments were
performed at room temperature for specimens with and without heat treatment. The
microstructures were investigated by using an SEM microscope.
3. Results and Discussions
Syntactic foam densities decreased with the addition of glass bubbles in higher
percentages. In syntactic foams containing 30% glass bubbles by weight, the density
decreased 63% using A20/1000 glass bubbles (henceforth GB1000) and 68% using
A16/500 glass bubbles (henceforth GB500). Room temperature quasi static
experiments were performed on the syntactic foams to ascertain the glass bubbles’
weight percentage effect on compression strength and energy absorbing capabilities.
The selected glass bubbles have a low failure compression strength, they collapsed
during the syntactic foams' compression. Because of this, the foams’ stress v. strain
plots show more plateau regions, suggesting greater energy absorbing properties. The
variations of the quasi-static compression behavior are given in Figure 2 for both
GB500 and GB1000 syntactic foams. It is observed that the virgin silicone rubber
behaves as a viscoelastic material and that the introduction of glass bubbles increases
the plateau stress of the material. Figures 2a and 2b show the results of compression
tests between the two syntactic foams, GB500 and GB1000, with the different wt% of
glass bubbles with their respective crush strengths as : 3.44 [MPa] for A16/500 and
6.90 [MPa] for A20/1000.
6

10% GB500

Engineering Stress (Mpa)

Engineering Stress (Mpa)

GB500 Room Temp

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

20% GB500
30% GB500
Virgin Silicone at
Room Temp.

0.00

0.20
0.40
0.60
Engineering Strain(-)

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0.80

GB1000 Room Temperature
10% GB1000
20% GB1000
30% GB1000
Virgin Silicone at
Room Temp

0.00

0.20
0.40
0.60
Engineering Strain(-)

0.80

GB500 High Temperature

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

10% GB500

Engineering Stress (Mpa)

Engineering Stress (Mpa)

Figure 2 Plots of stress-strain variation from quasi-static compression of the
developed syntactic foams a) GB500 syntactic foam b) GB1000 syntactic foam

20% GB500
30% GB500
Virgine Silicone at
Room Temp.

0.00

0.20
0.40
0.60
Engineering Strain(-)

0.80

GB1000 High Temperature

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

10% GB1000
20% GB1000
30% GB1000
Virgin Silicone at
Room Temp.

0.00

0.20
0.40
0.60
Engineering Strain(-)

0.80

Figure 3 Plots of stress-strain variation from quasi-static compression of the
developed syntactic foams after high-temperature heat treatment
a) GB500 syntactic foam b) GB1000 syntactic foam
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Table 2 - Density of the syntactic foams.

GB500

GB1000

Silicone
Rubber Resin

wt% of Glass bubbles

Density [kg/m3]

10%

739.78

20%

472.25

30%

360.38

10%

747.95

20%

539.57

30%

409.61

-

1120

The specimens that were heat treated (at constant temperature of 500 ºC) were
originally light blue in color. The color, originating from the heated surface, started to
change white and after about 20 minutes, stabilized at less than 1/3 of the specimens
section height (see Figure 1b). During heating, the face exposed to ambient
temperature was measured, and a steady state surface temperature of 130 °C was
obtained. When heated to 500 ºC, the glass bubbles remain intact within the syntactic
foam (Figure 4a). Because of maximum temperature sensitivity of the glass bubble is
around 600 ºC, any heating beyond this temperature, the glass bubbles would rupture
(Figure 4b). For the purpose of this study, heating was limited to 500 °C. The white
section is more brittle and heat resistive than the virgin syntactic foam. After heating,
the foam developed into a two layered foam structure. The front layer (heat treated
surface) is brittle and heat resistive (Figure 1c), while the back layer exhibits more
elastic and plastic properties similar to the unheated syntactic foams (Figure 1b). In
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Figure 3, the results from quasi-static compression of high-temperature heat treated
specimens are given. It was observed that plateau stress and plateau region sizes
depend on the wt% of glass bubbles.

Figure 4 SEM microscopy of syntactic foam
a) 500 °C Heat treated 30% GB1000 syntactic foam 500X SEM picture
b) 750 °C Heat treated 30% GB 1000 syntactic foam 1000X SEM picture

Figures 2 and 3 show that heating the specimens, from one face, does not affect the
compression properties considerably of the developed syntactic foam.
4. Conclusions
In this study, high temperature resistive silicone based syntactic foams were
developed. The effect of post high temperature heating on material properties were
investigated using quasi-static compression tests. Results obtained can be summarized
as follows:
1) A High temperature resistive layer forms when the silicone syntactic foam is
subjected to heating on one surface, 2) Foam is transformed to a two layer structure
during high temperature heating (brittle and soft layers), 3) The foam shows very good
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heat resistivity with the brittle layer working as a heat barrier, 4) Compression strength
properties were not affected after heating processes, 5) The insulative properties of
silicone rubber improved with higher weight percentages of glass bubbles, 6) The
introduction of glass bubbles lowers the density of silicone rubber, 7) During
compression tests, the Plateau (crush) regions increased by introducing higher
amounts of glass bubbles improving energy absorption properties.
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Abstract
Shock tube experiments were performed to investigate the blast response of
corrugated steel sandwich panels filled with a silicone based syntactic foam filler at
room and high temperature. The syntactic foam filler was prepared by mixing a twopart silicone with glass microspheres and its microstructure and mechanical properties
were characterized. A shock tube apparatus, capable of testing materials at
temperatures up to 900°C, was used to generate the shock loading. High speed photooptical methods utilizing Digital Image Correlation (DIC) coupled with optical bandpass filters, and a high-intensity light source, were utilized to obtain the real-time
deformation at high temperature while a third camera captured side-view deformation
images. The shock pressure profiles and DIC analysis were used to obtain the impulse
imparted to the specimen, transient deflection, in plane strain and out-of-plane velocity
of the back face sheet. It was observed that using the syntactic foam as a filler
material, decreased the front face and back face deflections by 42% and 27%,
respectively, compared to an empty panel. At high temperatures the silicone based
syntactic foam decomposes into silica, a stable and non-hazardous byproduct. The
highest impulse was imparted on the specimen at room temperature and subsequently
lower impulses with increasing temperature. Due to increasing ductility in steel with
high temperature, the specimens demonstrated an increase in back face deflection, inplane strain and out-of-plane velocity with increasing temperatures with weld failure
being the primary form of core damage.
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1. Introduction
In this study, the response of corrugated steel sandwich structures were
evaluated during high temperature shock loading using measurements taken by high
speed optical methods. Blast loading is simulated using a shock tube apparatus
outfitted with heating nozzles to provide uniform specimen heating during
experimentation. A syntactic foam was developed to fill the corrugated structures
using silicone and 3M Glass Bubbles. The demands for tailorable multifunctional
structures are ever increasing in industries ranging from defense, automotive,
aerospace and naval. Sandwich panels offer many benefits over their monolithic
counterparts for mitigating blast energy and have the potential to act as thermal
insulators. Extensive studies have been conducted on various core configurations from
closed cell, lattice corrugation, pyramidal truss, honeycomb and composite functional
graded structures1-12. Xue and Hutchinson established the benefits of sandwich panels
over monolithic plates due to compressibility of the core allowing longitudinal shear
and axial stiffness. Core response was divided into three parts: fluid structure
interaction, core compression, and beam bending
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. Core response can be

characterized as stiff or soft depending on the mid-span velocity versus time curve of
the front and rear of the panel 3. The back face of a stiff core will respond almost
immediately after shock impingement of the front face, whereas a soft core response
will exhibit a delay during fluid structure and core compression stages of panel
response. Filled core configurations have been investigated using a variety of filler
materials including PVC, styrene and metallic foams

5, 14, 15

. Langdon et al explored

the different failure mechanisms associated with varied core densities, showing that a
15

stiffer core resists damage better than soft cores at higher impulse. Wang et al found
that functionally grading a core from soft to stiff reduced dynamic pressures felt on the
back face, limiting the damage imparted on the panels. Novel materials, such as
syntactic foams, show improved energy absorption and may even be used in some
high temperature applications 16-19. Syntactic foams are comprised of particles, used to
enhance or modify material properties, that are suspended in a matrix material ranging
from rubber or elastomer, ceramics and even metal. A recent study, by Abotula et al,
investigated the response of monolithic metallic plates subjected to shock loads at high
temperatures, but no studies have been performed on filled sandwich panels with this
combined extreme environment 20. The syntactic foam filled panels exhibit a stiff core
response and superior blast mitigation compared to unfilled panels. The use of
syntactic foam also creates a good thermal barrier for temperatures up to 500°C.
2. Materials and Specimen
Syntactic foam filler
High temperature closed cell syntactic foam was produced in house using
platinum silicone resin and A20/1000 Glass Bubbles supplied by 3M Company. A
liquid silicone rubber resin (MoldStar® 30), used as a matrix material, was obtained
by mixing two supplied components (A and B) which are mixed 1A:1B by volume.
This easy to use platinum silicone features relatively low viscosities (According to
ASTM D2393/12500 cps), and vacuum degassing is not required for most
applications. The pot life of this particular silicone is 45 minutes and cure time is
about 6 hours at room temperature. By introducing the glass bubbles to ensure proper
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curing, the specimens were given a minimum of 6 days before experiments were
performed. MoldStar30® has 30A Shore hardness. Tensile strength (ASTM D412) is
2.90 MPa and modulus is 0.66 MPa. Cured Mold Star® rubber is heat resistant up to
232 ºC. When glass microspheres are added to a silicone matrix, the material's density
is lowered and due to sacrificial collapse, quasi-static compression tests show energy
absorbent foam-like material behavior. Closed cells were obtained after adding glass
bubbles, at 30% by weight, obtained from 3M Company with the product code:
A20/1000. To investigate the effects of extreme temperatures on the microstructure of
syntactic foam, SEM microscopy was used. At high temperature, the silicone begins to
decompose into silica, however, Figure 1(a) shows the glass bubbles remain intact
after being heated to a temperature of 500°C. Figure 1(b) depicts syntactic foam that
was heated to 750°C at which point, the glass bubbles rupture. This verifies the
manufacturers specifications stating material properties may change at temperatures
above 600°C.

(a)

(b)

Figure 1 - SEM images of syntactic foam
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Compression tests of silicone containing 30 wt% of Glass Bubbles were
performed using an Instron 5585 material testing system. Samples were tested before
and after heat treatment to 500°C. The results of compression tests, seen in Figure 2,
show that the syntactic foam experiences plastic yielding around 1MPa. A crush
plateau is observed between a strain of 0.1 and 0.5, after which the specimen steadily
enters the densification regime reaching a final densification strain of 0.7. The postheated specimen observes a lower yield stress but behaves similarly to the room
temperature sample.

Engineering Stress (MPa)

4

Room Temp
500°C

3
2
1
0
0.0

0.2
0.4
0.6
0.8
Engineering Strain
Figure 2- Stress-strain curves of syntactic foam before and after heating to 500°C

1018 Steel
Steel was used to construct the sandwich panels as it is a common building
material that can be recycled with desirable material properties in both strength and
temperature resistance. The decrease in yield stress due to thermal effects can be
represented by the Johnson-Cook constitutive model, Equation 121. The Johnson-Cook
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parameters of 1018 steel, seen in Table 1, were used to calculate the stress strain
behavior of steel at room and elevated temperature

22

. Temperature,

, was varied

between experimental temperatures of 25 ºC, 330 ºC and 500 ºC. A plot of the
calculated stress-strain behavior for 1018 Steel at various experimental temperatures
can be seen in Figure 3. Due to the effects of thermal softening, the yield stress
decreases as temperatures increase, thus it was predicted that plastic deformation of
the face sheets will increase at elevated temperature given the same applied load.

(1)

where,

(2)

Table 1. Johnson-Cook parameters of Cold Rolled 1018 Steel
(MPa)

(MPa)

560

300

0.32

7.6x10-3
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(s-1)

(s-1)

10

5x10-6

(K)
0.55

1773

800

True Stress (MPa)

700
600
500
400
300
25°C
330°C
500°C

200
100
0
0.00

0.02

0.04 0.06 0.08
True Strain [-]

0.10

Figure 3 - Calculated stress-strain behavior of 1018 steel at different temperatures

Sandwich panel
Each specimen is composed of two 1018 steel face sheets with the dimensions:
203.2 mm length, 50.8 mm width, and 1.6 mm thickness. The core is constructed by
using four layers of corrugated G90 galvanized steel strips, with a 29 gauge thickness,
stacked back to back. A form was created from aluminum matching the pitch and
length of the sinusoidal-shaped features of the corrugated sheets. The sheets were then
clamped between the mold which was fastened to an X-Y table of a Bridgeport milling
machine. An abrasive wheel was used to reduce sheet deformation by providing
constant contact during the cutting process. The corrugated material was cut to a width
of 50.8 mm, the same as the face sheets. The sandwich panel was assembled by
welding the outer nodes of alternating corrugated layers, forming the core, and then by
spot welding the monolithic face sheets. Table 2 lists the specifications of an empty
sandwich panel, seen in Figure 4.

The filler material was extruded through the
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sandwich panel and then a speckle pattern was applied for DIC, seen in Figure 5. The
mass of a filled corrugated sandwich panel is 480 grams.
Table 2. Specifications of empty corrugated sandwich panel
Parameter Length Width Height
(mm) (mm) (mm)
Value

203.2

50.8

27.4

Mass
(g)
377.7

Areal
Density
(kg·m−2)
36.6

Figure 4 - Corrugated Sandwich Panel

Figure 5 - Filled Corrugated Sandwich Panel
prepared for DIC
21

3. Experimental Procedures
Shock tube
A shock tube apparatus, as seen in Figure 6(a), was utilized to simulate a blast
in a controlled environment. With a length of 8 m, the shock tube consists of a driver
and driven section. The high-pressure driver section and the low pressure driven
section are separated by a Mylar diaphragm. The driver section is then pressurized
using helium and pressure difference across the diaphragm is created. Once this
pressure difference reaches a critical value, the diaphragm ruptures resulting in a rapid
release of gas creating a shock wave, which travels down the tube to a convergence
section, impart dynamic loading on the specimen in the form of a planar wave front.
The muzzle diameter at the specimen end is 38.1 mm. Two pressure transducers
(PCB102A) are mounted at the end of the muzzle section, to measure the incident and
reflected pressure profiles during the experiment which are recorded using an
oscilloscope. A schematic of the muzzle dimensions and sensor locations can be seen
in Figure 6(b). The specimen was placed in the supports and positioned 3 mm away
from the end of the muzzle. The support fixtures ensured simply supported boundary
conditions with a span of 152.4 mm. To reduce the effects of friction during
deformation, the sandwich panels are positioned over a block, where contact is only on
the edge of the back face. The sandwich panel is then secured to the simple support
using Nickel-Chrome wire, with a diameter of 0.05 mm, which easily breaks during
shock loading and deformation.
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(b) Detailed Dimensions of
Muzzle
Figure 6 - Shock Tube and Muzzle Detail

(a) Shock Tube

In the first part of this study, both empty and filled sandwich panels are
compared at room temperature. A single diaphragm of Mylar with a thickness of 0.127
mm was selected to generate a shock wave loading that impinged on the specimen
with an average incident peak pressure of approximately 0.35 MPa, a reflected peak
pressure of approximately 1.32 MPa, an incident shock wave speed of 741 ms-1 and a
reflected shock wave speed of 203 ms-1. The shock wave generated had a short rise
time (~70 μs) and showed an exponential decay period of approximately 6ms. The
final part of this study investigated the response of filled sandwich panels under three
different temperature conditions: ambient temperature, 330°C and 500°C. A single
diaphragm of Mylar with a thickness of 0.254mm (10 mil) was chosen to generate
shock wave loading with an incident peak pressure of approximately 0.44 MPa, a
reflected peak pressure of approximately 1.77 MPa, an incident shock wave speed of
820 ms-1 and a reflected shock wave speed of 265 ms-1. The rise time and decay period
were approximately the same as with the 5mil diaphragm, approximately 6 ms. Figure
7 shows a typical pressure profile obtained from the sensor closest to the specimen at
room temperature.
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Figure 7 - Typical Pressure Profile
High temperature shock tube setup
The shock tube was modified to heat the back face of the specimen before
shock impingement. Four propane nozzles were directed at the rear of the specimen
and calibrated to give an even temperature distribution across the surface. A 1018 steel
monolithic plate was used representing the rear face sheet of the sandwich panel,
therefore having dimensions of 203.2 mm length, 50.8 mm width, and 1.6 mm
thickness. Three thermocouples were positioned on the specimen along the vertical
axis at the center and ~38mm above and below the center and were affixed to the
monolithic plate using resistive spot welding. Figure 8 shows the heating setup with
the nozzles directed at the specimen. After adjusting the nozzle orientations and flow
rate, the temperature was recorded during calibration. A typical plot of the temperature
distribution obtained on the back face on the points of the vertical axis is shown in
Figure 9. After obtaining even heating on the back face, a filled specimen was used to
then record the temperature on the front face (loaded area) to study the transient
thermal response of the panels.
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Propane heating nozzles

152 mm

Specimen
(51mm wide)

Loading fixtures wrapped
with a heat shield

(b)

(a)

Figure 8 - Heated Shock Tube Setup and Heating Calibration
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Figure 9 - Typical Recording of Temperature
Calibration
High speed photography system
A high speed digital photography system was utilized to capture deformation
images at high frame rates during shock loading. The experimental setup, shown in
Figure 10, consisted of a back-view 3D Digital Image Correlation (DIC) system with
two synchronized Photron SA1 cameras facing the back side of the specimen to
capture full field deflection and strain information. The DIC cameras used in these
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studies operated at 50,000 frames per second at a resolution of 192x400 pixels for a
one second time duration. Subset size of 8.4 mm was selected for performing DIC
analysis and the displacement resolution ± 0.02 mm. Another Photron SA1 Camera,
positioned perpendicular to the shock tube and specimen, was utilized to capture
deflection information and core response during shock loading. Though all cameras
were triggered simultaneously, the side view camera was independently controlled,
and was operated at 18,000 frames per second with a resolution of 384x752. Results
obtained from MATLAB analysis of side view images are subject to an accuracy of ±
0.27 mm.

Figure 10 - DIC setup with side view camera

High temperature DIC system under shock loading
Heating a specimen to high temperatures poses difficult challenges when it
comes to using optical methods to capture specimen deformation. To eliminate the
influence of thermal radiation on image quality during heating, a DIC setup developed
by Abotula et al was used. A band-pass filter was used permitting the transmission of
26

light in the blue wavelengths between 410-490nm. To ensure sufficient contrast for
high speed imaging, the need for a high intensity light source was realized. A Cordin,
Model 659, high energy flash lamp was used which has a maximum capacity of 1100
Joules regardless of single flash duration. The lamp was set to illuminate the specimen
for a duration of 8 ms, which gives a power of 137.5 kW. Figure 11(a) shows an
image of a specimen exhibiting the effects of black body radiation as the surface is
heated between the simple support fixture. Comparing this image to Figure 11(b), it is
observed that the use of an optical band-pass filter helps eliminate contributions of
lower frequency wavelengths, increasing contrast of the speckle pattern which is
required for DIC optical analysis.
51 mm

152 mm
Specimen

(b)

(a)

Figure 11 - Images of specimen without (a) and with (b)
use of filter at high temperature

4.Results and Discussion
A comparison was made between empty and filled sandwich structures,
conducted at room temperature, using a pressure of 1.25 MPa to evaluate the benefit
of using syntactic foam as a filler material. Three experiments were performed for
both the filled and unfilled cases. The full-field deformation history of the back face
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was obtained by DIC and is displayed in Figure 12. Images for the empty and filled
panels were analyzed using Vic-3d and are displayed under the same temporal
resolution and fixed contour scale for comparative purposes. The back face of the
empty specimen, displayed in Figure 12(a), shows the panel steadily deforming until
reaching maximum around t=4 ms before rebounding. The filled panel exhibits a stiff
response as it deflects less, and reaches its maximum nearly 1 ms sooner when
compared to the empty sample.

(a)

(b)

t =0 ms

t =1 ms
t =2 ms
t =3 ms
t =4 ms
Figure 12 - Full-field deformation history of
(a) Empty sandwich panel
(b) Syntactic foam filled sandwich panel

t =5 ms

To better understand core behavior, images from the side view camera were
also analyzed. In the following images, the impinging shock propagated from the left
side of each frame to the right side; both cases are compared within the same temporal
28

duration, starting from an undeformed state at time t = 0. The transient behavior of the
empty corrugated sandwich panel can be seen in Figure 13(a). Fluid structure
interaction and core compression phase of core response begins immediately from
time of shock impingement. Elastic deformation of the corrugated layers can be seen
throughout the core until about t=0.4 ms when the back face begins to deform. This
shows an initial decoupled response of the core. The front face sheet deflects more
than the back face and plastic deformation and buckling of the core can be observed
near the load area. Core compression continued along the horizontal axis through the
specimen width until it reaches its maximum, after about t=2.5 ms, at which point
several welds failed due to shearing about the neutral axis. The corrugated core
adjacent to the front face experiences compression while the opposing region stretches
under tension as the back face continues to deflect. The filled panel, shown in Figure
13(b), shows minimal core compression due to the presence of the foam filler. A stiff
core response is observed as it enters global bending by t=1ms and begin to shear
along the neutral central axis at t=1.6 ms. By t=3 ms, maximum deflection is observed
as well as separation of the filler from the corrugation is observed as well as nodal
weld shearing between the core and front face sheet.
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(a)

0 ms

1.5 ms

3 ms

4.5 ms

6 ms

0 ms

1.5 ms

3 ms

4.5 ms

6 ms

(b)

Figure 13 - Real-time deformation of empty and filled sandwich
panels

The deflections of both front and back face sheets are plotted in Figure 14(a)
and displays a decoupled panel response as the back face dwells briefly after the front
face begins deforming . The empty sample exhibited maximum front face deflection of
16 mm by t= 4ms while the back only deflected 12.8 mm due to the compression of
the core. The filled panel, seen in Figure 14 (b) experienced a coupled core response
as the delay between face sheets was very small, around 0.25 ms. The filled sample
obtained maximum deflections of 9.4mm around t=3.4 ms. Using the syntactic foam
as a filler material, decreased the front face and back face deflections by about 42%
and 27%, respectively.
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Figure 14 - Front and back face deflection for
empty and filled sandwich panels
Core compression can be calculated taking the difference of front and back
face deflections. Figure 15 shows the amount of core compression versus time for both
the empty and filled specimens. It can be seen that the core of the empty specimen
compresses about 5.5mm by t=2.5ms at which point the panel experiences bends
globally then rebounds. Recalling the accuracy of side-view analysis, the core
compression experienced by the filled panel is considered negligible.
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Figure 15- Core compression for empty and
filled sandwich panels
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One of the primary goals for creating an energy absorbent sandwich panel is
to decrease panel deflections that may be impacted by a dynamic load while trying to
keep a low areal density. The back face deflections of the filled panel,

, can be

scaled for comparative purposes using the mass of the empty panel as reference. The
scaled values for back face deflection,

, can be calculated using the expression

shown in Equation 3. The scaled deflection has been plotted in Figure 16.

(3)

Back Face Deflection (mm)
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Time (ms)
Figure 16 - Panel deflections after scaling
with respect to mass
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It can be seen that although the filler material adds more mass to the panel,
there is still a 5% reduction in back face deflection even after scaling with respect to
the mass of the empty panel. Due to its increased stiffness, the filled specimen reaches
its peak back face deflection sooner than the empty corrugation with observable core
damage being nodal weld shearing throughout the core and face sheet, followed by
global bending. The empty specimen, however, experienced buckling and bending of
independent core ligaments as well as shearing of nodal points within the core.
Permanent deformation of the corrugated steel sandwich panels was visually
inspected and documented using a digital camera. In post-mortem, the empty
specimen, shown in Figure 17(a), exhibits plastic deformation of 16.1mm for the front
face sheet and 11.9 mm for the rear face sheet. The core permanently compressed by
8% of its original width in the center of the specimen. From high speed video
playback, it was seen that welds at the interface between the core and rear face sheet
failed under tension while the specimen rebounded. Permanent core deformation is
visible, displaying compression near front face and extension near the back face.
Since the foam filler does not bond to metals, it is assumed that delamination
contributes little to energy lost in the core compared to other composite materials or
adhered structures. Due to the stiff response of the core, no localized buckling is
observed and most of the damage is attributed to weld shearing both within the core as
well as the nodes joining the corrugation to face sheets. Plastic deformation of the face
sheets is present with negligible core compression. Permanent back face deflection of
the filled panel, shown in Figure 17 (b), is 5.5mm.

33

(a)

(b)

Figure 17 - Post mortem images of empty and filled comparison

The use of a syntactic foam has proven to enhance blast response of sandwich
panels, therefore, experiments were then conducted using a higher pressure of 1.77
MPa to investigate the effects high temperature has on the response of filled sandwich
panels. Experiments were conducted using temperatures of 25˚C, 330˚C and 500˚C.
Specimens, whose back face was heated to 330˚C and 500˚C, were held at temperature
for 20 minutes before the application of shock loading to ensure a steady state
temperature through the thickness of the specimen. A 3mm standoff between the
specimen and the muzzle was used for each experiment to protect pressure transducers
from excessive heating. The transient thermal response of the filled sandwich panels
up to the point of shock impingement can be seen in Figure 18(a) and Figure 18(b) for
experiments conducted with back face temperatures of 330˚C and 500˚C respectively.
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Figure 16 - Temperature response of syntactic foam filled sandwich panels

For the 330˚C case, steady state back face temperature is achieved after 7
minutes while the front face stabilizes to 150˚C after 20 minutes. For the 500˚C case,
it only takes 4 minutes for the back face to reach steady state while the front face also
reaches 150˚C after 20 minutes. The real-time observations of the transient behavior
for syntactic foam filled sandwich structures at varying temperatures was taken using
the side view camera. For all cases, the panels exhibited a coupled response with the
back face sheet deforming soon after the front. Figure 19 shows the real-time
observations from room temperature experiments. The panel showed signs of weld
shearing by t= 0.6ms along the vertical central axis. At t=1.5ms, separation of the filler
from the corrugation is observed as well as welds shearing on both the front and back
face sheet. Maximum back face deflection occurs around t=3.64ms. No notable
buckling was observed.
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0 ms

1.5 ms

3 ms

4.5 ms

6 ms

Figure 19 - Real - time deformation of samples at 25˚C

At 330˚C, the sandwich panel, shown in Figure 20, shows signs of bulging
from the side of the specimen as the filler material is heated. First signs of weld
shearing occurred at t=0.7ms along the vertical central axis. However, unlike the room
temperature series, more weld failures are present throughout the core, resulting in
more substantial filler material separation. Despite the additional failures within the
core, the face sheets/core interface remained intact. Maximum back face deflection
occurred around t=3.7ms then the specimen begins to rebound.
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0 ms

1.5 ms
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4.5 ms

6 ms

Figure 20- Real - time deformation of samples at 330˚C

The specimen heated to 500˚C, seen in Figure 21, also displays material
swelling while being heated. Condensed water vapor is dispersed by the impinging
shock, causing a brief obstruction in side view images due to its illumination by the
flash, seen at t=1.5 ms. More material adjacent to the heated surface has decomposed
at this temperature causing brittle fragments to be ejected as the specimen deforms.
Maximum back face deflection occurs around 7ms and due to increased ductility, the
specimen plastically deforms without rebound.
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0 ms

1.5 ms

3 ms
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Figure 21 - Real - time deformation of samples at 500˚C

The pressure history for each experiment is given in Figure 22(a). Since
pressures are measured from within the muzzle the profiles recorded are dependent on
the specimen deflection. Pressures decay more rapidly with elevated temperatures due
to an increase in ductility allowing specimens to deflect for longer durations of time
with higher maximum deflections. Impulse imparted to the specimen, plotted

in

Figure 22(b), can be calculated by integrating the force-time data of the reflected
pressure profile. It can be seen that all panels experience the same impulse until about
t=1ms. The room temperature specimen obtained a maximum impulse of 3.4 Ns.
When the temperature increased from room temperature to 500°C, the maximum
impulse imparted decreased by approximately 15% (from 3.4 Ns to 2.9 Ns).
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Figure 22 - Pressure profile and impulse plots for temperature experiments

The mean mid-point deflection of the back face were obtained by DIC and
plotted in Figure 23(a). For all experiments, the back face starts to deflect around
0.2ms after the shock impinges the front face of the panel. The maximum deflection
for the room temperature experiments was 14.7mm, occurring at t=3.8ms. The
experiments conducted at 330˚C, behave similarly to room temperature. Panel
stiffness was not affected at this temperature as the material property of steel remained
unaffected with such a small temperature gradient through the specimen thickness.
Specimens heated to 330˚C and 500˚C showed maximum deflections of 15.4 mm and
37mm at 3.7ms and 8ms, respectively.
The average in-plane strain-rate observed in these experiments was 10 s−1.
Using the Johnson-Cook parameters listed in Table 2, the stress–strain curves of 1018
Steel were constructed for 25 °C, 330 °C, 500 °C temperatures at a strain-rate of 10
s−1. From these stress–strain curves, it was determined that the flow stress at 330 °C
had decreased by 42 % when compared to room temperature and as a result, the mid-
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point back-face deflection had increased by 5 %. In comparison to room temperature,
the value of flow stress at 500 °C decreased by 54%. Due to a significant decrease in
flow stress values at these temperatures, the back-face deflections at 500 °C showed
an increase of 152%. Calculating the stiffness as a function of temperature is more
complex with sandwich structures compared to monolithic plates. While heating
occurs on one face, there is a gradation of the elastic modulus of both the steel coupled
with property changes in syntactic foam through the thickness of the specimen which
changes the stiffness of the structure. As temperatures increase, the stiffness of the
panel decreases towards the heated surface. At higher temperatures, however, the
overall structural stiffness and strength of the welds are decreased, causing failure on
both front and back face sheets, resulting in an increase in deflections. It is noted that
though the 500˚C specimens exhibited extreme deflections, the samples never ejected
from the simple supports.
The out-of-plane velocities are plotted in Figure 23(b) showing substantial
increase for the 500˚C when compared to the room and 330˚C experiments. As steel
becomes more ductile, the resistance to bending decreases, allowing the panel to
deform at a higher rate. For the experiments conducted at 25˚C and 330˚C the max out
of plane velocity occurred at 1 ms and were within 2% of each other at 7.32 m/s and
7.46 m/s, respectively. The specimens then reach a point of maximum deflection, and
begin to rebound at t=4 ms. For the 500˚C case, the out-of-plane velocity reached
10.62 m/s, occurring around t=1.3 ms, 46% higher compared to room temperature, and
then decreases until the end of the event.
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Figure 23 - Out-of-plane deflection and velocity plots for temperature
experiments

The in-plane-strain (εyy) information, displayed in Figure 24, exhibited an
increasing trend as temperatures increased. After 0.2ms, the back face for all
specimens showed significant bending, resulting in higher in-plane strains (εyy). At
room temperature, the maximum in-plane strain of the specimens was around 0.39% at
t=2.9 ms. For the 330˚C case, a maximum in-plane strain of 0.51% was observed at
t=4.1 ms. For the 500˚C case, the in-plane strain reached 0.6% and continued to
increase until the end of the event. In comparison to the room temperature
experiments, the specimens at 330˚C and 500˚C showed an increase in εyy of 31% and
54%, respectively.
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experiments
Permanent deformation of the corrugated steel sandwich panels was visually
inspected and documented using a digital camera. In post-mortem, the samples from
room temperature experiments, pictured in Figure 25, shows front face separation
along with separation of filler material. Weld shearing is present, primarily along the
central axis with filler material separating from the corrugated core. Permanent plastic
deformation of the back face sheet is 8.5 mm.

Figure 25 - Post-mortem image of 25˚C specimen
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Samples from 330˚C, seen in Figure 26, shows higher plastic deformation
when compared to room temperature. Core failure due to weld breakage is more
prominent. It was noted that the filler material showed a white discoloration 3 mm into
the panel originating from the heated face. This white region is a result of the
decomposition of silicone leaving silica, carbon dioxide and carbon monoxide as a
byproduct of combustion. Permanent plastic deformation of the back face sheets is 12
mm.

Figure 26- Post-mortem image of 330˚C specimen
The specimen heated to 500˚C, shown in Figure 27, also shows a decomposed
layer of the filler material measuring at a depth of roughly 15mm into the panel
originating from the heated face. The post mortem specimen shows significant core
failure, major deflection and separation of both face sheets. The corrugated core
appears to retain a majority of its filler material. Due to decreased stiffness as a result
of weld breakage along the face sheets, inner core separation is present. Minor core
buckling can be seen in the core near the load area due to the extreme panel
deformation and front face sheet separation. Plastic deformation of the back face sheet
is measured to be 41 mm.
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Figure 27- Post-mortem image of 500˚C specimen

5. Conclusions
A series of experiments were conducted to investigate the shock resistance of
corrugated sandwich panels with and without a syntactic foam filler as well as the
response of syntactic foam filled panels to shock loading at room and high
temperatures. The following is the summary of the results:
1.

The syntactic foam filled corrugated panels show superior blast mitigation
compared to unfilled panels. The presence of syntactic foam decreased back
face deflections by 27% given the same applied pressure. The filled panels
exhibit a stiffer core response in comparison to unfilled panels that
demonstrate core compression and softer response
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2. Syntactic foam maintains its structural integrity up to 500˚C as glass bubbles
do not rupture. Though the yield stress is slightly lower at higher temperature,
the material properties are not significantly affected.
3. When heated, the panels maintained a minimum temperature difference of
180˚C between the front and back face (25.4 mm). This gradient grew larger
with increasing temperature. A temperature gradient of nearly 350˚C was
observed for 500˚C experiments.
4. The maximum back face deflection of specimens at 500˚C was approximately
152% higher than those at room temperature.
5. The maximum in-plane-strain (εyy)

showed an increase of 54% as

temperatures increased from room temperature to 500˚C.
6. Due to decreased ductility of steel with increasing temperature, the integrity of
the welds was weakened at 500˚C. Coupled with a gradation of elastic modulus
through the panel thickness, the stiffness decreased toward the heated surface
resulting in larger deformation.
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Abstract
The dynamic behavior of mortar filled corrugated sandwich structures heated
to temperatures up to 900°C was studied using a shock tube apparatus. High speed
photo-optical methods utilizing Digital Image Correlation (DIC) coupled with optical
band-pass filters, and high-intensity light source, were utilized to obtain the real-time
deformation at high temperature while a third camera captured side-view deformation
images. The shock pressure profiles and DIC analysis were used to obtain the impulse
imparted to the specimen, transient deflection, in plane strain and out-of-plane velocity
of the back face sheet. It was observed that cement based mortars are thermally
resilient enough to be used as a filler material for high temperature applications. The
highest impulse was imparted on the specimen at room temperature and subsequently
lower impulses with increasing temperature. A temperature difference of at least
300ºC was observed across the thickness of the specimen for all heating conditions.
Due to increasing ductility in steel with high temperature, the specimens demonstrated
an increase in back face deflection, in-plane strain and out-of-plane velocity with
increasing temperatures with weld failure being the primary form of core damage.
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1. Introduction
The dynamic response of corrugated steel sandwich structures filled with
mortar was investigated using shock tube apparatus and high speed optical methods.
The shock tube apparatus outfitted with heating nozzles to provide uniform specimen
heating during experimentation. Mortar is commonly found in building material
comprised of cement and sand aggregate. It is able to withstand high temperatures and
is cost effective compared to more exotic materials. Sandwich panels offer many
benefits over their monolithic counterparts for mitigating blast energy and have the
potential to act as moderate heat barriers. Extensive studies have been conducted on
various core configurations from closed cell, lattice corrugation, pyramidal truss,
honeycomb and composite functional graded structures

1–11

. Xue and Hutchinson

established the benefits of sandwich panels over monolithic plates due to
compressibility of the core allowing longitudinal shear and axial stiffness. Core
response was divided into three parts: fluid structure interaction, core compression,
and beam bending12. Core response can be characterized as stiff or soft depending on
the mid-span velocity versus time curve of the front and rear of the panel 3. The back
face of a stiff core will respond almost immediately after shock impingement of the
front face, whereas a soft core response will exhibit a delay during fluid structure and
core compression stages of panel response. Filled core configurations have been
investigated using a variety of filler materials including PVC, styrene and metallic
foams, syntactic foams and cements

13–15

. Langdon et al explored the different failure

mechanisms associated with varied core densities, showing that a stiffer core resists
damage better than soft cores at higher impulse. A recent study, by Abotula et al,
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investigated the response of monolithic metallic plates subjected to shock loads at high
temperatures, and Sohel et al conducted static experiments using Steel-Concrete-Steel
sandwich structures for marine and off-shore structures 13,16. There have been very few
studies investigating the blast response of heated sandwich panels to such extreme
temperatures. The material response of concrete and mortars are of great interest in
civil applications. There have been several studies investigating the effects of extreme
temperature on the strength of concretes and mortars with different mixture
formulations18–25. Results from these investigations show a decrease in compressive
strength as temperatures increase with variations depending on material composition.
Despite a decrease in strength, cements and mortars are resilient enough to withstand
extreme temperatures, providing a cost effective option for a filler material while
maintaining superior blast resistance in temperatures up to 900°C.
2. Materials and Specimen
1018 Steel
Steel was used to construct the sandwich panels as it is a common building
material that can be recycled with desirable material properties in both strength and
temperature resistance. The decrease in yield stress due to thermal effects can be
represented by the Johnson-Cook constitutive model, Equation 126. The Johnson-Cook
parameters of 1018 steel, seen in Table 1, were used to calculate the stress strain
behavior of steel at room and elevated temperature27. Temperature,

, was varied

between experimental temperatures of 23ºC, 500ºC, 700ºC and 900ºC. A plot of the
calculated stress-strain behavior for 1018 Steel at various temperatures can be seen in
Figure 1. Due to the effects of thermal softening, the yield stress decreases as
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temperatures increase, thus it was predicted that plastic deformation of the face sheets
will increase at elevated temperature for a given load.

(1)
where,

(2)

Table 1. Johnson-Cook parameters of Cold Rolled 1018 Steel
(MPa)

(MPa)

560

300

0.32

7.6x10-3

(s-1)

(s-1)

10

5x10-6

(K)
0.55

1773

800

True Stress (MPa)

700

25°C
500°C
700°C
900°C

600
500
400
300
200
100
0
0.00

0.02

0.04 0.06 0.08
True Strain [-]

0.10

Figure 1 - Stress-strain behavior of 1018 steel at various experimental temperatures
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Sandwich panel
Each specimen is composed of two 1018 steel face sheets with the dimensions:
203.2 mm length, 50.8 mm width, and 1.6 mm thickness. The core is constructed by
using four layers of G90 corrugated galvanized steel strips, with a 29 gauge thickness,
stacked back to back. A form was created from aluminum matching the pitch and
length of the sinusoidal-shaped features of the corrugated sheets. The sheets were then
clamped between the mold which was fastened to an X-Y table of a Bridgeport milling
machine. An abrasive wheel was used to reduce sheet deformation by providing
constant contact during the cutting process. The corrugated material was cut to a width
of 50.8 mm, the same as the face sheets. The sandwich panel was assembled by
welding the outer nodes of alternating corrugated layers, forming the core, and then by
spot welding the monolithic face sheets. Table 2 lists the specifications of an empty
sandwich panel, seen in Figure 2.

Table 2. Specifications of empty corrugated sandwich panel
Parameter Length Width Height
(mm) (mm) (mm)
Value

203.2

50.8

54

27.4

Mass
(g)
377.7

Areal
Density
(kg·m−2)
36.6

Figure 2 - Corrugated Sandwich Panel
Mortar
Mortar is a very common building material used to bind construction blocks
such as: brick, stone and cinderblocks. It is a paste comprised of cement and sand
aggregate which cures and can be used to fill cracks and gaps in structures.
Quickrete® Mortar Mix (No. 1102) was used to fill the sandwich structures in this
study and complies with ASTM C 270 property requirements as a Type N mortar.
Yazici et al found that the relative compressive strength of ordinary portland cement
based mortars decreased to 62%, 48%, and 35% after being exposed to temperatures
of 450°C, 600°C, and 750°C respectively23. Considering the minimum compressive
strength for this product is listed by the manufacturer as 5.2 MPa, then even at 750°C,
the compressive strength will drop to 1.82 MPa which is above the peak target
pressure of 1.7 MPa used in experiments. Combined with the stiffness of the sandwich
panel, it is assumed that the compression of the mortar itself will be minimal,
therefore, no further material characterization was performed. The mortar was
prepared by thoroughly mixing 250 grams of Quikrete Mortar Mix with 50 grams of
water. The mix was then poured into the core of the sandwich panel leaving an empty
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region, two cells in depth, adjacent to the front face sheet. This was done to promote
core compression while maintaining an barrier of air to help facilitate insulation.
While the mixture was solid within a day, it was allowed to set for a week before
experimentation. The mass of a filled corrugated sandwich panel is 617 grams. An
image of the filled corrugated structure can be seen in Figure 3.

Figure 3 - Image of mortar filled sandwich panel

3. Experimental Procedures
Shock tube
A shock tube apparatus, as seen in Figure 4(a), was utilized to simulate a blast
in a controlled environment. With a length of 8 m, the shock tube consists of a driver
and driven section. The high-pressure driver section and the low pressure driven
section are separated by a Mylar diaphragm. The driver section is then pressurized
using helium and pressure difference across the diaphragm is created. Once this
pressure difference reaches a critical value, the diaphragm ruptures resulting in a rapid
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release of gas creating a shock wave, which travels down the tube to a convergence
section, impart dynamic loading on the specimen in the form of a planar wave front.
The muzzle diameter at the specimen end is 38.1 mm. Two pressure transducers
(PCB102A) are mounted at the end of the muzzle section, to measure the incident and
reflected pressure profiles during the experiment which are recorded using an
oscilloscope. A schematic of the muzzle dimensions and sensor locations can be seen
in Figure 4(b). The specimen was placed in the supports and positioned 3 mm away
from the end of the muzzle. The support fixtures ensured simply supported boundary
conditions with a span of 152.4 mm. To reduce the effects of friction during
deformation, the sandwich panels are positioned over a block, where contact is only on
the edge of the back face. The sandwich panel is then secured to the simple support
using Nickel-Chrome wire, with a diameter of 0.05 mm, which easily breaks during
shock loading and deformation.

(b) Detailed Dimensions of Muzzle

(a) Shock Tube

Figure 4 - Shock Tube and Muzzle Detail
A single diaphragm of Mylar with a thickness of 0.254 mm was selected to
generate a shock wave loading that impinged on the specimen with an average
incident peak pressure of approximately 0.5 MPa, a reflected peak pressure of
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approximately 1.77 MPa, an incident shock wave speed of 821 ms-1 and a reflected
shock wave speed of 200 ms-1. The shock wave generated had a short rise time (~70
μs) and showed an exponential decay period of approximately 6ms. The response of
filled sandwich panels were investigated at room temperature and under three different
high temperature conditions: 500°C, 700°C and 900°C. Figure 5 shows a typical
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Figure 5 - Typical Pressure Profile
High temperature shock tube setup
The shock tube was modified to heat the back face of the specimen before
shock impingement. Four propane nozzles were directed at the rear of the specimen
and calibrated to give an even temperature distribution across the surface. Figure 6(a)
shows an image of the heating setup with the nozzles directed at the specimen. A 1018
steel monolithic plate was used representing the rear face sheet of the sandwich panel,
therefore having dimensions of 203.2 mm length, 50.8 mm width, and 1.6 mm
thickness. Three thermocouples were positioned on the specimen along the vertical
axis at the center and ~38mm above and below the center and were affixed to the
monolithic plate using resistive spot welding. After adjusting the nozzle orientations
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and flow rate, the temperature was recorded to calibrate the temperature across the
specimen, seen in Figure 6(b).

A typical plot of the temperature distribution obtained on the back face on the
points of the vertical axis are shown in Figure 7. After obtaining even heating on the
back face, a filled specimen was used to then record the temperature on the front face
(loaded area to study the transient thermal response of the panels.
Propane heating nozzles

152 mm

Specimen
(51mm wide)

Loading fixtures wrapped
with a heat shield

900
800
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600
500
400
300
200
100
0

Thermocouple
location

38mm 38mm

Temperature (°C)

(b)
(a)
Figure 6 - Heated Shock Tube Setup and Heating Calibration
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Figure 7 - Typical recording during temperature
calibration
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High speed photography system
A high speed digital photography system was utilized to capture deformation
images at high frame rate during shock loading. The experimental setup, shown in
Figure 8, consisted of a back-view 3D Digital Image Correlation (DIC) system with
two synchronized Photron SA1 cameras facing the back side of the specimen to
capture full field deflection and strain information. The DIC cameras used in these
studies operated at 50,000 frames per second at a resolution of 192x400 pixels for a
one second time duration. Subset sizes between 8-12 mm were used for performing
DIC analysis to reduce decorrelation for some high temperature experiments. The
displacement resolution of this technique is ± 0.02 mm.

Another Photron SA1

Camera, positioned perpendicular to the shock tube and specimen, was utilized to
capture deflection information and core response during shock loading. Though all
cameras were triggered simultaneously, the side view camera was independently
controlled, and was operated

at 18,000 frames per second with a resolution of

384x752. Results obtained from MATLAB analysis of side view images are subject to
an accuracy of ± 0.27 mm.

Figure 8 - DIC setup with side view camera
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High temperature DIC system under shock loading.
Heating a specimen to high temperatures poses difficult challenges when it
comes to using optical methods to capture specimen deformation. To eliminate the
influence of thermal radiations on image quality during heating, a DIC setup
developed by Abotula et al was used. A band-pass filter was used permitting the
transmission of light in the blue wavelengths between 410-490nm. To ensure
sufficient contrast for high speed imaging, the need for a high intensity light source
was realized. A Cordin, Model 659, high energy flash lamp was used which has a
maximum capacity of 1100 Joules regardless of single flash duration. The lamp was
set to illuminate the specimen for a duration of 8 ms, which gives a power of 137.5
kW. Figure 9(a) shows an image of a specimen exhibiting the effects of black body
radiation as the surface is heated between the simple support fixture. Comparing this
image to Figure 9(b), it is observed that the use of an optical band-pass filter helps
eliminate contributions of lower frequency wavelengths, increasing contrast of the
speckle pattern which is required for DIC optical analysis.
51 mm

152 mm
Specimen

(b)

(a)

Figure 9 - Images of specimen without (a) and with (b) use of filter at high
temperature
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4. Results and Discussion
Before blast loading, the transient thermal response of the panels was recorded
with three thermocouples placed in the same location as in the temperature calibration.
Small variations were noted across the length of the specimen, the warmest
temperatures usually recorded by the center thermocouple. Figure 10 shows a typical
temperature history plot comparing the average front face and back face temperatures
for an experiment over a duration of 20 minutes. The final temperatures and times
required for the front face (FF) and back face (BF) to reach steady state have been

Temperature (°C)

recorded in Table 3.
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15
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Figure 10 - Typical temperature history plot for front and back face during heating
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Table 3. Results of temperature measurement and times to reach steady state
BF Temp
(˚C )
500˚C
Experiments
700˚C
Experiments
900˚C
Experiments

BF Timess FF Temp FF Timess
(min)
(˚C )
(min)

512 ± 15

8

204 ± 8

20

716 ± 15

5

226 ± 15

16

874 ± 28

2.5

260 ± 16

16

Mortars are not usually considered insulative with a thermal conductivity of
1.27 W/m-K, but compared to steel with a thermal conductivity of 52 W/m-K, the
main form of heat transfer is likely to be via conductive thermal bridging of the steel
corrugated core. Using the temperature history for each series, the difference in face
sheet temperature is plotted in Figure 11, using the expression ΔT =Tb-Tf, where Tb
and Tf are back face and front face temperatures, respectively. ΔT peaks after
instantaneous heating of the back face and gradually tapers as heat is transferred
through the core to the front face until it plateaus reaching steady state. It can be seen
that as back face temperatures increase, the steady state difference in temperature also
improves. The panels maintain a gradient of at least 300°C through the thickness and
an even larger gradient with increasing temperatures.
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Figure 17- Temperature difference through thickness of specimens

The pressure history for each experiment is given in Figure 12. Since pressures
are measured from within the muzzle the profiles recorded are dependent on the
specimen deflection. Pressures decay more rapidly with elevated temperatures due to
an increase in ductility allowing specimens to deflect for longer durations of time with
higher maximum deflections. Impulse imparted to the specimen, plotted in Figure 13,
can be calculated by integrating the force-time data of the reflected pressure profile.
Since the overall time period of reflected pressure profile was longest at room
temperature, the room temperature specimen obtained a maximum impulse of 5.6 Ns.
When the temperature increased from room temperature to 900°C, the maximum
impulse imparted decreased by approximately 56% (from 5.6 Ns to 3.1 Ns).
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Figure 12 - Pressure profiles of mortar filled sandwich panels
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Figure 13 - Impulse of mortar filled sandwich panels

The mean mid-point deflection of the back face for different temperatures were
obtained by DIC and plotted in Figure 14. All specimens behave similarly until about
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t = 1 ms. The maximum deflection for the room temperature specimen was 5.2mm ,
occurring at t = 2.8 ms began to reverberate. For the same incident pressure loading,
the specimens at higher temperatures continued to deform for a longer duration of time
due to thermal softening and lower values of flow stress. At 900°C, the specimen
deformed for twice the duration as the room temperature sandwich panel. Specimens
heated to 500°C , 700°C , and 900°C showed a maximum deflections of 10.6 mm,

Deflection (mm)

18.2 mm, and 20.7 mm at 3.6 ms, 5.6 ms and 5.6ms, respectively.
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Figure 14 - Mid-point back face deflection of mortar filled sandwich panels
The average in-plane strain-rate observed in these experiments was 10 s−1.
Using the Johnson-Cook parameters listed in Table 1, the stress–strain curves of 1018
Steel were constructed for 23 °C, 500 °C, 700 °C and 900°C with a strain-rate of
10 s−1. From these stress–strain curves, it was determined that the flow stress at 500 °C
had decreased by 54 % when compared to room temperature and as a result, the midpoint back-face deflection had increased by 104%. In comparison to room
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temperature, the value of flow stress at 700 °C decreased by 66%
deflections by 250%. Flow stress for 900°C

increasing

decreases by 76% resulting in an

increased back face deflection of nearly 300%. Calculating the stiffness as a function
of temperature is more complex with sandwich structures compared to monolithic
plates. While heating occurs on one face, there is a gradation of the elastic modulus of
steel coupled with property changes of mortar through the thickness of the specimen
which changes the stiffness of the structure. It is noted that though the 900˚C
specimens exhibited extreme deflections, the samples never ejected from the simple
supports.

The out-of-plane velocities are plotted in Figure 15 showing an increasing
trend with increasing temperature. As steel becomes more ductile, the resistance to
bending decreases, allowing the panel to deform at a higher rate. The room
temperature experiments reached a maximum velocity of 3m/s at t = 0.7 ms before
slowing and rebounding shortly after t = 3 ms. The specimens heated to 700˚C and
900˚C both exhibited a 100% increase in velocity reaching 6 m/s after t = 2 ms and
rebounds after t = 6ms.
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Figure 15 - Mid-point out-of-plane velocity of mortar filled sandwich panels
The in-plane-strain (εyy) information, displayed in Figure 16, exhibited an
increasing trend as temperatures increased.

After 0.2ms, the back face for all

specimens showed significant bending, resulting in higher in-plane strains (εyy). At
room temperature, the maximum in-plane strain of the specimens were around 0.14%
at t = 2.3 ms. For the 500˚C case, a maximum in-plane strain of 0.31% was observed
at t = 3.0 ms. For sandwich panels heated to 700˚C, in-plane strain reached a
maximum of 0.53% by t = 6.0 ms. For 900°C experiments, the maximum in-plane
strain was shown to be nearly 1% and continued to increase until the end of the event.
In comparison to the room temperature experiments, the specimens at 500˚C, 700°C
and 900˚C showed an increase in εyy of 121%, 278%, and 614%, respectively. It is
important to disclose that the strain resolution of the DIC technique is 200 micro-strain
which translates to ± 0.02% strain.
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Figure 16 - Mid-point in-plane strain of mortar filled sandwich panels

The real-time observations of the transient behavior for mortar filled sandwich
structures under shock loading for different temperatures are shown in Figure 17. The
shock wave is propagating from left side of the image to the left side, causing
deformation in the specimens. Time t = 0 ms corresponds to the beginning of the event
where the shock wave impinged on the specimen. The time scale is kept the same to
provide a comparison of panel response up to the point of maximum deflections
obtained by the 900˚C experiments. The images were later used to calculate the midpoint deflections in the specimens front face. At room temperature, 500˚C and 700˚C,
the specimens experience little core compression, however, the 900˚C experiments
showed more significant weld failure about the neutral axis, reducing stiffness and
allowing further deformation of core ligaments.
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Figure 17 - Real-time side-view deformation images of mortar filled sandwich panels
at different temperatures
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From the side view analysis, there was evidence to suggest extremely minor
core compression increasing at higher temperatures, up to 1.5 mm. Recalling the
displacement resolution, the deviation was large enough for the difference in core
compression between samples to be considered negligible.

To understand the amount of work done on specimens by shock loading, it is
necessary to evaluate the deflection-time data from high speed side view images and
the force-time data collected by pressure transducers

28

. This can be used to the

evaluate the amount of energy used for panel deformation at different temperatures. It
is assumed that the pressure pulse delivered by shock loading is planar, the work done
on specimen can be approximated by integrating the pressure-deflection profile for
every point inside the shock loading area using Equation 3, plotted in Figure 18. This
energy imparted into the specimen is equal to the summation of energies used in panel
response outlined in found in Equation 4.

(3)

where

(4)
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Figure 18 - Deformation energy of mortar filled sandwich panels at various
temperatures

The work done on samples for experiments conducted at room temperature and
500˚C showed maximum of 8.2 J and 11.0 J, respectively. A maximum of 12.7 J was
observed for both the 700˚ and 900˚C experiments. The work done for the two highest
temperatures was approximately 55% higher than at room temperature. This indicates
that the specimens at higher temperature absorbed significantly more energy during
the shock loading process. Even though the impulse was lower at higher temperatures,
the specimen absorbed more energy, resulting in higher deflections. Due to increased
ductility within the structure as temperatures increase, bending stiffness decreases.
This allows for greater deflections for a given shock load, resulting in higher work
done on the specimen during fluid structure interaction. With a 35% difference in flow
stress of steel between 700˚C when and 900˚C, and with the presence of increased
core damage in form of weld failure, the rear out-of-plane deflection was 12% higher
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given the same amount of energy used for specimen deformation at 900˚C. This can
also be observed from post-mortem images.

Permanent deformation of the corrugated steel sandwich panels was visually
inspected and documented using a digital camera and is shown in Figure 18. In postmortem, the samples from the room temperature experiments show no core damage as
all welds are intact and there is no noticeable core buckling. Some of the mortar filler
appears to have shifted slightly as the front and back face are permanently deformed
by 3 mm. For the 500˚C experiments, a very few broken welds are present and are
mostly located between the neutral axis and rear face sheet. Permanent plastic
deformation of the rear sheet was 7 mm. The 700˚C and 900˚C experiments show the
most core damage and plastic deformation. As temperatures increase, the flow stress
decreases so drastically that the rear face sheet and corrugated layers become more
ductile, effectively reducing the relative stiffness and compromising weld strength.
For these temperatures, the brittle filler experienced cracking and portions were
ejected as welds breakage and localized bending of the core ligaments allowed core
separation. The permanent back face deflections for the 700˚C and 900 ˚C are
17 mm and 20 mm, respectively.
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Figure 19 -Post-mortem images of mortar filled sandwich panels
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5. Conclusions
A series of experiments was conducted to investigate the shock resistance of
corrugated sandwich panels filled with mortar shock loading at room and high
temperatures. The following is the summary of the results:
1. Mortar is thermally resilient and can be used as a filler material for sandwich
panels to improve blast mitigation.
2. When heated, the panels maintained a minimum temperature difference of
300˚C between the front and back face (25.4mm).This gradient grew larger
with increasing temperature. A temperature gradient of nearly 620˚C was
observed when the back face was heated to 900˚C exhibiting good thermal
qualities while maintaining a similar blast performance as 700˚C experiments.
3. The maximum back face deflection of specimens at 900˚C was approximately
300% higher than those at room temperature.
4. The impulse imparted into the specimen decreased as temperatures increased
from room temperature to 900˚C.
5. The maximum in-plane-strain (εyy)

showed an increase of 614% as

temperatures increased from room temperature to 900˚C.
6. The amount of deformation energy aborbed by specimens increased by 55% as
temperatures increased from room temperature to 900˚C.
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CHAPTER 4
CONCLUSION AND RECOMMENDATIONS
Conclusions
This research experimentally investigated the properties of a polymer based
syntactic foam as well as mortar for use as a filler material in corrugated steel
sandwich structures. The objective of this project was to develop an understanding of
the effects that extreme temperatures have on the blast response of filled corrugated
sandwich panel. This in turn will provide a basis to further the development of
tailorable multifunctional structures which could be used in many applications where
it is necessary to mitigate blast energy and insulate persons or objects from extreme
temperatures. The relevant findings from the present study are presented below.
1. A syntactic foam was developed using silicone and glass bubbles. The
insulative properties of silicone rubber improved with higher weight
percentages of glass bubbles do to the additional voids the hollow
microspheres create and thus also lowering the density of the material. It was
found that a layer forms when the silicone syntactic foam is subjected to
heating on one surface, resistant to high temperatures. This layer transforms
the material into a two layer structure during high temperature heating by
creating a brittle and soft layer.
2. The foam shows very good heat resistivity with the brittle layer working as a
heat barrier, as this segment of decomposed silicone leaves behind silica as
well as carbon dioxide and carbon monoxide after combustion. Syntactic foam

79

maintains its structural integrity up to 500˚C with glass bubbles remaining
intact.
3. The effect of post high temperature heating on material properties were
investigated using quasi-static compression tests. The compression strength
properties were not affected after heating processes, aside from a slight drop in
yield stress. During compression tests, stress-strain plots show an increase in
the crush plateau by introducing higher amounts of glass bubbles improving
energy absorption properties compared to virgin silicone.
4. When investigating the shock resistance of corrugated sandwich panels with
and without a syntactic foam filler, it was found that syntactic foam filled
sandwich panels exhibited superior mitigation compared to unfilled panels.
The filled panels exhibit a stiffer core response in comparison to unfilled
panels that demonstrate core compression and softer response
5. During heating, the front face temperatures of syntactic foam filled panels
never exceeded ~150˚C and a temperature difference of at least 180˚C and
greater was observed for both heated experiments, highlighting the thermal
barrier characteristics of syntactic foams. The syntactic foam stiffened the core
despite gradation of elastic modulus through the specimen width, reducing
deflection at 330˚C. Integrity of the welds were weakened at 500˚C, decreasing
the panels overall stiffness causing larger deformation
6. Mortar proved to be thermally resilient and remains intact at extreme
temperatures. It is prepared easily and can be used as a filler material for
sandwich panels to improve blast mitigation.
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7. When heated, the mortar filled panels maintained a minimum temperature
difference of 300˚C between the front and back face (25.4mm).This gradient
grew larger with increasing temperature. A temperature gradient of nearly
620˚C was observed when the back face was heated to 900˚C exhibiting good
thermal qualities while maintaining a similar blast performance as 700˚C
experiments.
8. Due to increasing ductility in steel at elevated temperatures, both the syntactic
foam and mortar filled specimens demonstrated an increase in back face
deflection, in-plane strain and out-of-plane velocity with increasing
temperatures.

Recommendations
The current investigation has provided a basis for experimentally investigating
the dynamic response of filled sandwich structures to high temperature blast loading.
There, however, remains a significant body of work to be completed in this area to
better understand the use of fillers and their insulative properties on the performance
of sandwich structures. This work includes further experimental studies as well as
computational studies. The proposed potential future projects are summarized as
follows:
1. Develop a method to quantify the energy absorbed by the core due to failure
and dissipation. MATLAB code exists to calculate the energy imparted by
gasses, deformation energy and kinetic energy for a monolithic plate. These
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calculations are contingent on the knowledge of the muzzle inner diameter.
The stress field acting on the back face, the wave speed and inertia effects
through this complicated core structure are unknown. This may require the
generation of a finite element model which would then require validation and
knowledge of simulation of welds.
2. Conduct well designed experiments exploring the thermal properties of
syntactic foam with different percentages of glass bubbles and cenospheres.
The addition of cenospheres may further increase the heat resistivity while
introducing more local stress concentrations to promote sacraficial collapse of
micrspheres. This will create a more energy absorbant insulative syntactic
foam with expanded tailorability.
3. Perform quasi-static experiments on empty corrugated sandwich panels and
find a way to model weld strength using finite element methods. Once the
stiffness of the panel is assertained, a model can be created and simulations can
be conducted using the pressure profiles gathered in experimentation. If the
model is validated, with the experimental results, a variety of simulations can
be conducted with different fillers, reducing the time required to carry out
preliminary experiments. All material properties for fillers will need to be
identified to apply to the simulation to ensure proper transient thermal response
to the structure.
4. Explore funtional grading the filler material used in sandwich stuctures by
greatly varrying the percentage of suspended particles. In past studies, Gardner
et al. determined the most energy absorbant core configurations is graded soft
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to firm from the direction of shock front. Using a rigid cement/morter on the
back surface that can withstand extreme temperatures while grading the
intermediate cells of the core with softer material may further reduce back face
deflections.
5. Conduct experiments heating the front, shock impinging, surface and compare
to the results of current research or simulation. This will investigate sandwich
panel response with the temperature dependant gradation of elastic modulus in
a different configuration; grading the structure opposite to what was tested in
the current study. To fully understand the temperature distribution within the
panel, imbedding thermocouples within the core might provide valuable
information. With this information, boundary conditions can be established and
the heat transfer through the specimen can be modeled with programs like
COMSOL.
6.

Numerically investigating the relation between the decrease in flow stress due
to elevated temperature and the stiffness of the core with a gradation of elastic
modulus throughout the panel thickness will help predict panel deflection as a
function of temperature. M.H. Sadd has investigated plane non-homogeneous
elasticity problems with various boundary conditions basing solution schemes
using the Airy stress function, however, since dynamic loads applied by the
shock tube usually induce bending moments that exceed the yield stress of the
material, a deep understanding of plasticity will be required to formulate
displacement approximation for complex, non-monlithic, beam bending
problems.
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7. Utilizing different sandwich structure construction. The use of perforated face
sheets and corrugated layers may help diffuse blast energy by modifying the
total area in which the shock impinges the speimen. If using a visco-elastic
material to partially fill the panel, during core compression, energy may be
dissipated by forcing the filler to 'flow' into empty cells which might further
reduce deflections. Functionally grading the structure based on perforation or
fill pattern can be useful in tailoing structures. Improving upon the bonding
method for constructing sandwich panels will also prove beneficial. If brazing
or similar bonding process were utilized, creating a permanant, high
temperature resistant, adhesion across the specimen width, it is predicted that
the stiffness of the panel will improve.
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APPENDICES
APPENDIX A: PROCEDURE FOR MANUFACTURING PANELS
Preparing Corrugation
The test samples are sandwich panels consisting of a core and two face sheets. The
core is comprised of four corrugated sheets, stacked in alternating front/back-face
orientation. The galvanized steel corrugated sheets, as a raw material, is a commonly
found building material and was delivered by Mechanical Metals, Inc. in Newton,
Pennsylvania. For a visual reference, please refer to Figure 1. The sheets used in
fabrication of this series of specimens were pre-trimmed to a rough dimension of
approximately 60.96 centimeters (24 inches) by 91.44 centimeters (36 inches). The
specifications of the corrugation are as follows: 29 gauge, 31.75mm x 6.35mm (1 in
x

in), galvanized.

Figure 1. - Corrugated sheet as delivered from Mechanical Metals, Inc.
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Four sheets, layered one on top of the other, were trimmed along the direction of the
peaks/valley of the corrugation such that six raised features of the corrugation, and
subsequently seven lower features. This resulted in three stacks of four corrugation
layers with a width of 19.05 centimeters (7.5 inches) and the remaining length of
91.44 centimeters (36 inches).
In the past works, some corrugated sandwich structures were created by cutting the
corrugations with a band saw. This causes major deformation and inconsistency since
the corrugated sheets are to be stacked in four layers, it is imperative that the curvature
of the corrugated sheets be preserved while cutting them into 50.8 millimeter (2 inch)
strips. If any deformation were to occur, the total stack height would not be consistent,
and would result in an non-symmetric core profile.

A profile was created in

SolidWorks and form was created out of aluminum using a CNC machine (see
Schematic A and B). The form consisted of two parts, one component to be used as a
base, and the other to be used to be used as a contoured clamp for both the raw
material and the strip to be cut. Two counter bores were made in the base to allow for
fastening on the X-Y Table of a Bridgeport Milling Machine. Holes were drilled and
threaded into the base and the top was fastened using hex-cap bolts.
A 3 inch abrasive disc was used to cut the corrugated sheets, the first cut made to
create a clean edge along the back face of the form. Figure 2 shows the aluminum
form with the 90˚ Bridgeport attachment for the abrasive wheel.
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Figure 2. - Aluminum form to hold the corrugated sheets.

After the first cut was made, the table is indexed 50.8mm (2 inches) in the y-direction
and a pass is made to trim the raw sheet to the desired dimensions for core
construction. The corrugated layers were clamped together in various places to ensure
that they would be indexed together after every cut without shifting. After each pass,
the corrugated layers were indexed forward and aligned to the edge of the mold base.
Because the table is already indexed 54mm (2

inches) from the edge of the mold

base each subsequent cut is made by mechanically translating the table in the Xdirection. Figure 3 shows the final configuration for cutting corrugations. The bulk
material as well as the piece to be trimmed are both clamped to reduce vibration and
maintain curvature. Images of the corrugated layers after being cut, seen in Figure 4,
show preserved curvature as well as smooth edges without requiring additional
machine processes.
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Figure 3. - Image of fixture and abrasive wheel in preparation to cut corrugations

Figure 4. - Image corrugations after cutting process
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Preparing Face Sheets
Flat bar stock was ordered with the following specifications: Mild Steel, 50.8mm (2
inches) width, 609.6mm (24 inches) length, 1.6mm (

inches) thickness, Figure 5.

Figure 5. - Image of flat bar stock as ordered

The actual measured length was longer than 609.6mm (24 inches) therefore, the bar
stock was partitioned into three portions with measurements of roughly 206.4mm (8
inches), Figures 6 and 7 This overage in length proved to be beneficial as the edges
were rough cut and would be made perpendicular using a Bridgeport. After marking
the remaining flat bar stock, they were cut using a band saw, Figure 8.
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Figure 6. - Image of marks are made at a length of 206.375mm (8 inches)

Figure 7. - Image of bar stock marked and ready to be cut
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Figure 8. - Image of bar stock is cut using a band saw

With the face sheets cut, red marker was used to color both ends, Figure 10. This will
serve as a visual indicator of whether or not material was removed during the milling
process on the Bridgeport. The milling process is utilized to ensure that the ends are
perpendicular to the length, and since it is a precision process, the final length of each
face sheet will be consistent with one another.

Figure 9. - Image of face sheets after being cut on the band saw
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Figure 10. - Image of edges of face sheets marked with red marker

The face sheet with the smallest length is identified and placed in the vice of the
Bridgeport milling machine. A mill stop is positioned at the end of the face sheet,
depicted in Figure 11 .

Figure 11. - Image of mill stop positioned at the center of the face sheet
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With the shortest face sheet positioned in the vice, one pass is made removing a very
small amount of material. The process is repeated with each face sheet until all are
faced on one end, and now trimmed to similar lengths. The sheets are then reversed,
such that the freshly machined end is now in contact with the mill stop, and the X-Y
table is adjusted such that the edge of the end mill is located 8 inches from the mill
stop, thus removing the remaining material required to achieve the desired length for
the face sheets. The process is repeated until all face sheets have been machined on
both ends to the same specification and no red markings remain, shown in Figure 12.

Figure 12. - Image of face sheets after milling edges to desired length
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Preparing Sandwich Panel
A fixture comprised of two aluminum plates, one with a through clearance hole and
the other with threaded holes. The prepared corrugated layers are stacked back to back
in an alternating sinusoidal pattern and placed into the fixture while bolts are hand
tightened just enough to apply small compressive force. This allows the layers from
slipping drastically when trying to align the layers. The layers are then shifted
individually to ensure the layers meet at local maximum and minimums of the
sinusoidal shape. A Millermatic 250 metal inert gas welder (M.I.G.) is used to spot
weld the nodes where each corrugated layer meet, shown in Figure 13. The process is
repeated for the opposing side, thus completing the core element.

Spot welds

Figure 13. - Image of core being prepared in fixture
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The bolts in the fixture are loosened slightly, allowing the face sheets to be moved into
position. The center of the face sheet is marked on its edge and is then aligned to the
center of the core element. The face sheets are then welded in a similar fashion,
completing the sandwich structure, which can be seen in Figure 14.

Figure 14. - Image of completed sandwich panel
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Schematic A
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Schematic B
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• Press
• Enclosure holds both the corrugated
specimen and the filler material
• Plunger will apply even pressure and
press the filler material into the
corrugation

• Enclosure created to tightly encase
corrugated sandwich panel
• Rigid construction with tolerance to fit
thickest sandwich panel
• Shims to be utilized if needed to close
small gaps in enclosure (dependant on
variance of specimen dimensions)
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Laboratory
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APPENDIX B: METHOD FOR EXTRUDING FILLER MATERIAL
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APPENDIX C: DETAILED SCHEMATIC OF EXPERIMENTAL SETUP

Note: While the use of graphite rod/circuit break is most reliable for triggering, it was
later discontinued in favor of using an Oscilloscope capable of generating a negative
TTL pulse after a pressure spike was received by the pressure transducers. This was in
an effort to reduce any unnecessary transfer of kinetic energy as the graphite particles
would strike the specimen.
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APPENDIX D: MATLAB CODES
MATLAB Code to analyze side view images
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% This program is written by Erheng Wang. The copy right belongs the
% Dynamic Photo-Mechanics Laboratory.
%
% Code has been modified by Payam Fahr to add reference lines for load
based on muzzle configuration. July 2013
%
% This program is for calculating the deformation energy of the gas,
% the momentum and the kinetic energy of the specimen in a shock tube
% experiment.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% area

clear all;
close all;
clc;
format long;
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp('This program is for calculating the deformation energy of the gas,');
disp('the momentum and the kinetic energy of the specimen in a shock tube');
disp('experiment.');
disp(' ');
disp('Please follow the instruction.');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp('First Step: load the reflection pressure profile.');
disp(' ');
disp('The reflection pressure profile should have following form:');
disp('0.00001 124');
disp('0.00002 160');
disp('0.00003 215');
disp('0.00004 260');
disp('0.00005 302');
disp('The first column is time. And second column is pressure.');
disp('You need to input the unit of time and pressure. Please check the unit carefully.');
disp('Please follow the instruction.');
disp(' ');
eval(['load ref_sp.dat;'])
disp(' ');
100

disp('We have following time unit:');
disp('1. second');
disp('2. millisecond');
disp('3. microsecond');
unit_judge=true;
time_unit=0; % this number can be any integer except 1, 2 and 3.
while unit_judge==true
time_unit=input('Please choose the unit you use (input the No. before the unit):');
if time_unit==1
disp(' ');
disp('The time unit you use is second;');
eval(['ref_sp(:,1)=ref_sp(:,1);'])
unit_judge=false;
elseif time_unit==2
disp(' ');
disp('The time unit you use is millisecond;');
eval(['ref_sp(:,1)=ref_sp(:,1)./1000;'])
unit_judge=false;
elseif time_unit==3
disp(' ');
disp('The time unit you use is microsecond;');
eval(['ref_sp(:,1)=ref_sp(:,1)./1000000;'])
unit_judge=false;
else
disp('Wrong input. Please choose again.');
unit_judge=true;
end
end
disp(' ');
disp('We have following pressure unit:');
disp('1. psi');
disp('2. MPa');
disp('3. Pa');
unit_judge=true;
pressure_unit=0; % this number can be any integer except 1, 2 and 3.
while unit_judge==true
pressure_unit=input('Please choose the unit you use (input the No. before the
unit):');
if pressure_unit==1
disp(' ');
disp('The pressure unit you use is psi;');
eval(['ref_sp(:,2)=ref_sp(:,2);'])
unit_judge=false;
elseif pressure_unit==2
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disp(' ');
disp('The pressure unit you use is MPa;');
eval(['ref_sp(:,2)=ref_sp(:,2).*1000000./6894.7;'])
unit_judge=false;
elseif pressure_unit==3
disp(' ');
disp('The pressure unit you use is Pa;');
eval(['ref_sp(:,2)=ref_sp(:,2)./6894.7;'])
unit_judge=false;
else
disp('Wrong input. Please choose again.');
unit_judge=true;
end
end
disp(' ');
disp('The pressure data has been resaved into variable ref_sp.');
disp('There are two columns in ref_sp. The first column is time and unit is s
(second).');
disp('The second column is pressure and unit is psi.');
disp('First Step end');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp('Second Step: load the time series of the images.');
disp(' ');
disp('You have three ways to load the time series of the images.');
disp('1. The time between two frames is same.');
disp(' You can input total number of frames and time between two frames.')
disp(' The code will generate the time series automatically.');
disp(' ');
disp('2. The time between two frames is not same.');
disp(' You can input total number of frames and input time between two frames
frame by frame.')
disp(' ');
disp('3. The time between two frames is not same.');
disp(' And you have saved the time series into one data file.')
disp(' Then you can just load that time series data file.');
disp(' ');
time_series_judge=true;
time_series=0; % this number can be any integer except 1, 2 and 3.
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while time_series_judge==true
time_series=input('Please choose which method you want to use (input the No.
before the method):');
if time_series==1
frames=input('Please input the total number of frames for calculating(integer): ');
% the number of images for calculating
frame_time=input('Please input the time between two frames (unit: microsecond):
')/1000000;
for i=1:frames
t_frame(i,1)=(i-1)*frame_time;
end
time_series_judge=false;
elseif time_series==2
frames=input('Please input the total number of frames for calculating(integer): ');
% the number of images for calculating
sum_time=0;
for i=1:frames
disp('recent frame is')
i
disp('frame.')
disp('Please input 0 when i=1;');
sum_time=input('Please input the time between this frame and one frame
before(unit: \mus): ')/1000000+sum_time;
t_frame(i,1)=sum_time;
end
time_series_judge=false;
elseif time_series==3
time_series_name=input('Please input the filename of the time serise (without
extension):','s')
time_series_extension=input('Please input the extension of the time serise:','s')
eval(['load ',time_series_name,'.',time_series_extension,';'])
eval(['t_frame=',time_series_name,';'])
time_series_judge=false;
else
disp('Wrong input. Please choose again.');
time_series_judge=true;
end
end
disp(' ');
disp('Second Step end');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ' );

disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
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disp('Third Step: length calibration.');
disp(' ');
disp('you can choose any image for length calibration.');
disp('On the image, you need to choose two points and the vertical distance between
these two points will be used to calibrate the length');
disp('Therefore, you need to know one real vertical scale in the image.');
disp('For example:');
disp('the span of the supports is 6 inches');
disp('the outer diameter of the shock tube is 5 inches');
disp('');
disp('The process will repeat three times. Thus, totally you will pick six times');
disp('Please follow the instruction.');
disp(' ');
disp('Please enter image filename for length calibration:');
I=input('(for example: calibration.jpg) ','s');
Judge1='n';
while Judge1=='n'
% load the jpg file
imshow(I);
hold on
xlabel('Length Calculation')
title('Please pick first point for calibration');
[xc(1),yc(1)] = ginput(1);
title('Please pick second point for calibration');
[xc(2),yc(2)] = ginput(1);
title('Please pick third point for calibration');
[xc(3),yc(3)] = ginput(1);
title('Please pick fourth point for calibration');
[xc(4),yc(4)] = ginput(1);
title('Please pick fifth point for calibration');
[xc(5),yc(5)] = ginput(1);
title('Please pick sixth point for calibration');
[xc(6),yc(6)] = ginput(1);
title('Please go to the matlab main window and input the real distance');
% average point between two calibration points
Y(1) = abs(yc(1)-yc(2));
Y(2) = abs(yc(3)-yc(4));
Y(3) = abs(yc(5)-yc(6));
measured = mean(Y);
% determine the middle position of the shock tube
ym(1)=(yc(1)+yc(2))/2;
ym(2)=(yc(3)+yc(4))/2;
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ym(3)=(yc(5)+yc(6))/2;
midy=mean(ym);

% real distance between two calibration points. unit: m
true = input('Please input the real distance between two points you choose (in):
')*0.0254;
% The transform from the pixels to distance
%~Payam Fahr 7/18/2013
scale = measured/true
innerdia = (.75*0.0254*scale); %Select this for SMALL MUZZLE
%innerdia = (1.5*0.0254*scale) % Select this for LARGE MUZZLE
%~Payam Fahr 7/18/2013
xlabel('')
title('Length Calculation End');
Judge1=input('Is calibration OK? (y/n)','s');
close all;
end
disp('Third Step end');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ' );
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp('Fourth Step: real measurement.');
disp(' ');
disp('you need to measure the deformation shape of front face for every image.');
disp('For each image, you need to choose seven points on the front face.');
disp('There will be a symmetric line on the image.');
disp('It is better to choose these points symmetric to this line.');
disp('Please follow the instruction.');
disp(' ');
frames = input('Please input the total number of frames for calculating(integer): '); %
the number of pictures for calculating
%Tube_d=0.0762;
% the real scale of the large muzzle diameter of shock tube Payam Fahr
Tube_d=0.0762/2
% the real scale of the large muzzle diameter of shock tube Payam Fahr
% point_number=input('How many points will you choose for face shape fitting?
(integer) ');
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point_number=7;
x=zeros(point_number,frames);
y=zeros(point_number,frames);
for i = 1:frames
disp(' ');
if i==1
disp('Please enter the first image filename for measurement:');
I=input('(for example: measure_image.jpg) ','s');
else
I=input('Please enter next image filename for measurement: ','s');
end

% Simulate the Front Surface Shape with Cubic Spline interpolation method
Judge2='n';
while Judge2=='n'
imshow(I);
hold on;
xlabel('Simulate the Front Surface');
%~Payam Fahr 7/18/2013
plot ([0;1200],[midy;midy],'r'), hold on
plot ([0;1200],[midy+innerdia;midy+innerdia],'r'), hold on
plot ([0;1200],[midy-innerdia;midy-innerdia],'r'), hold on
% Given the scale based on picked points and length input, this
% will project horizontal markers on the centerline of specimen and
% the upper and lower boundaries of the inner diameter of the
% muzzle depending on which has been selected above (large or
% small) This will aid in keeping all profile measurements about
% the loading area
%~Payam Fahr 7/18/2013
title('Please pick the top point for shape calculation');
[x(1,i),y(1,i)] = ginput(1);
plot(x(1,i),y(1,i),'go'),hold on;
title('Please pick the bottom point for shape calculation');
[x(7,i),y(7,i)] = ginput(1);
plot(x(7,i),y(7,i),'go'),hold on;
for j=1:point_number
yfl(j,1)=(y(1,i)+y(7,i))/2-abs(y(1,i)-y(7,i))/2+(j-1)*abs(y(1,i)y(7,i))/(point_number-1);
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%
%
%
%
%

end
x1=linspace(0,1200);
for j=1:point_number
clear y1;
y1=linspace(yfl(j),yfl(j));
plot(x1,y1,'c'), hold on;
end
if i==1
else
plot(xx(:,(i-1)),yy(:,(i-1)),'y','linewidth',0.25), hold on;
legend('symmetric line','previous shape');
end
% choose seven points for the surface shape fit
title('Please pick the second point for shape calculation');
[x(2,i),y(2,i)] = ginput(1);
plot(x(2,i),y(2,i),'go'),hold on;
title('Please pick the third point for shape calculation');
[x(3,i),y(3,i)] = ginput(1);
plot(x(3,i),y(3,i),'go'),hold on;
title('Please pick the fourth point for shape calculation');
[x(4,i),y(4,i)] = ginput(1);
plot(x(4,i),y(4,i),'go'),hold on;
title('Please pick the fifth point for shape calculation');
[x(5,i),y(5,i)] = ginput(1);
plot(x(5,i),y(5,i),'go'),hold on;
title('Please pick the sixth point for shape calculation');
[x(6,i),y(6,i)] = ginput(1);
plot(x(6,i),y(6,i),'go'),hold on;

% d=Tube_d*scale;
% the pixes scale of the diameter of shock tube
dD=abs(y(1,i)-y(7,i))/100;
dd=Tube_d*scale/100;
for m=1:101
yy(m,i)=(y(1,i)+y(7,i))/2-abs(y(1,i)-y(7,i))/2+(m-1)*dD;
% the range of shock applied
yys(m,i)=midy-(Tube_d*scale/2)+(m-1)*dd;
% the range of shock applied
end
xx(:,i)=spline(y(:,i),x(:,i),yy(:,i));
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% cubic spline data interpolation
xxs(:,i)=spline(y(:,i),x(:,i),yys(:,i));
% cubic spline data interpolation
plot(xx(:,i),yy(:,i),'r'), hold on;
plot(xxs(:,i),yys(:,i),'g'), hold on;
title('Press any key to continue');
pause;
Judge2=input('Is that curve OK? (y/n)','s');
close all;
end
end
disp('Fourth Step end');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ' );
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp('Fifth Step: real measurement.');
disp(' ');
disp('The measured position of the specimen will be used to calculate the force
displacement, ');
disp('velocity of the specimen.');
disp('Most parts of this step are automatic.');
disp('Please follow the instruction.');
disp(' ');
% calculate the surface position of every frame
xf=xx(:,1);
yf=yy(:,1);
xfs=xxs(:,1);
yfs=yys(:,1);
specimen_M=input('Please input the total mass of the specimen (g): ')/1000;
sumimpulse(:,1)=t_frame;
sumyimpulse(:,1)=t_frame;
sumKE(:,1)=t_frame;
for i = 1:frames
sumimpulse(i,2)=0;
sumyimpulse(i,2)=0;
sumKE(i,2)=0;
for j=1:101
xd(j,i)=(xx(j,i)-xf(i))/scale;
yd(j,i)=(yy(j,i)-yf(i))/scale;
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xds(j,i)=(xxs(j,i)-xfs(i))/scale;
yds(j,i)=(yys(j,i)-yfs(i))/scale;
if i==1
xv(j,i)=0;
yv(j,i)=0;
average_v(j,i)=0;
else
xv(j,i)=((xx(j,i-1)-xx(j,i))/scale)/frame_time;
yv(j,i)=((yy(j,i-1)-yy(j,i))/scale)/frame_time;
average_v(j,i)=sqrt(xv(j,i)^2+yv(j,i)^2);
end
sumimpulse(i,2)=sumimpulse(i,2)+(specimen_M/101)*xv(j,i);
sumyimpulse(i,2)=sumyimpulse(i,2)+(specimen_M/101)*yv(j,i);
sumKE(i,2)=sumKE(i,2)+((specimen_M/101)*average_v(j,i)^2)/2;
end
end
% calculate the deflection for every points of every frame
for j=1:101;
for i=1:frames
xdd(j,i)=abs(xd(j,i)-xd(j,1));
ydd(j,i)=abs(yd(j,i)-yd(j,1));
xdds(j,i)=abs(xds(j,i)-xds(j,1));
ydds(j,i)=abs(yds(j,i)-yds(j,1));
end
end
% figure(2)
% for i=1:frames;
% plot(-xdd(:,i),yy(:,i)/scale,'k'),hold on
% plot(-xdd(:,2),yy(:,1)/scale,'k--'),hold on
% plot(-xdd(:,3),yy(:,1)/scale,'r'),hold on
% plot(-xdd(:,4),yy(:,1)/scale,'r--'),hold on
% plot(-xdd(:,5),yy(:,1)/scale,'g'),hold on
% plot(-xdd(:,6),yy(:,1)/scale,'g--'),hold on
% plot(-xdd(:,7),yy(:,1)/scale,'b'),hold on
% plot(-xdd(:,8),yy(:,1)/scale,'b--'),hold on
% plot(-xdd(:,9),yy(:,1)/scale,'m'),hold on
% end
% plot(-xdd(:,10),yy(:,1)/scale,'m--'),hold on
% plot(-xdd(:,11),yy(:,1)/scale,'y'),hold on
% plot(-xdd(:,12),yy(:,1)/scale,'c'),hold on
% plot(-xdd(:,13),yy(:,1)/scale,'c--'),hold on
% xlabel('unit: m');
% ylabel('unit: m');
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% title('Deflection Sketch');
% axis tight
% choose the biggest time to normalize data
for i=1:10000
t(i,1)=(i-1)*2E-6;
if (t(i,1)>=t_frame(frames,1))
break;
end
end
ref=spline(ref_sp(:,1),ref_sp(:,2),t);
% normalize the time for deflection data
for j=1:101
De(:,j)=spline(t_frame,xdd(j,:),t);
Des(:,j)=spline(t_frame,xdds(j,:),t);
end
S_x_impulse(:,1)=t;
S_x_impulse(:,2)=spline(sumimpulse(:,1),sumimpulse(:,2),t);

%~Payam Fahr 7/18/2013
%S_y_impulse(:,1)=t;
%S_y_impulse(:,2)=spline(sumyimpulse(:,2),sumyimpulse(:,2),t);
%This is causing error possibly because there is no deviation in y
%direction if points are selected on the projected horizontal points
%~Payam Fahr 7/18/2013
S_KE(:,1)=t;
S_KE(:,2)=spline(sumKE(:,1),sumKE(:,2),t);
% calculate the energy increase between every two closed frame
n0=length(t);
egy(1)=0;
delta_d=(Tube_d*0.99)/99;
for i=2:n0
A(i)=0;
for j=1:100
B(j)=((ref(i)+ref(i-1))*6894.7)*(Des(i,j)-Des(i-1,j))*delta_d*(sqrt((Tube_d/2)^2((Tube_d/2)-j*delta_d)^2)+sqrt((Tube_d/2)^2-((Tube_d/2)-(j-1)*delta_d)^2))/2;
A(i)=B(j)+A(i);
end
egy(i)=A(i);
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end
% calculate the energy increase between every frame and initial frame
for i=1:n0
A1=0;
for j=1:i
B1=egy(j);
A1=A1+B1;
end
energy(i,1)=A1;
end
DFLE(:,1)=t;
DFLE(:,2)=energy(:,1);
Center(:,1)=t;
Center(:,2)=De(:,51);
figure(1)
plot(t,De(:,51),'r','linewidth',3),hold on
ylabel('Deflection (m)');
xlabel('Time (s)');
grid on;
title('Maxi Deflection-Time Curve(Middle Point)');
figure(2),plot(t,S_x_impulse(:,2),'r','linewidth',3);
xlabel('Time (s)');
ylabel('Horizontal momentum (kgm/s or Ns)');
% axis tight;
grid on;
%~ Payam Fahr 7/18/2013
%figure(3),plot(t,S_y_impulse(:,2),'r','linewidth',3);
%xlabel('Time (s)');
%ylabel('Vertical momentum (kgm/s or Ns)');
% axis tight;
%grid on;
%~ Payam Fahr 7/18/2013
figure(3),plot(t,S_KE(:,2),'r','linewidth',3);
xlabel('Time (s)');
ylabel('Kinetic Energy (J)');
% axis tight;
grid on;
figure(4),plot(t,energy(:,1),'r','linewidth',3);
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xlabel('Time (s)');
ylabel('Deformation Energy (J)');
% axis tight;
grid on;
disp(' ');
disp('After runing this code, there will be Five dat files with following name: ');
disp('filename_deformation_E.DAT
Deformation energy');
disp('filename_x_momentum.DAT
Horizontal momentum');
%~ Payam Fahr 7/18/2013
%disp('filename_y_momentum.DAT
Vertical momentum');
%~ Payam Fahr 7/18/2013
disp('filename_Kinetic_E.DAT
Kinetic energy');
disp('filename_center_displacement.DAT
Center displacement');
disp(' ');
disp('All of other data have been save into the file entitled filename_specimen.mat.');
filename=input('Now, please input the filename you want to save the final data into:
','s');
eval(['save ',filename,'_specimen.mat'])
eval(['save ',filename,'_deformation_E.DAT',' DFLE',' /ascii'])
eval(['save ',filename,'_x_momentum.DAT',' S_x_impulse',' /ascii'])
%~ Payam Fahr 7/18/2013
%eval(['save ',filename,'_y_momentum.DAT',' S_y_impulse',' /ascii'])
%~ Payam Fahr 7/18/2013
eval(['save ',filename,'_Kinetic_E.DAT',' S_KE',' /ascii'])
eval(['save ',filename,'_center_displacement.DAT',' Center',' /ascii'])
disp('Fifth Step end');
disp('%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%');
disp(' ' );
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APPENDIX E: 3M™ Glass Bubbles (Types A and D) MSDS and Data Sheet
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APPENDIX F: Quickrete MSDS and Data Sheet
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